Simple shear and Poiseuille flows of liquid crystalline polymers between parallel plates were numerically simulated using the Marrucci-Greco model, which is a constitutive equation that includes long-range elasticity effects. Homogeneous, inhomogeneous decoupled, and inhomogeneous full coupled models [Kupferman et al., J Non-Newtonian Fluid Mech, 91, 255 (2000)] were considered in the present simulation. In the simulation of Poiseuille flows, the relation between the long-range elasticity and the emergence of textures caused by the distribution of orientation angle of directors was investigated. The molecular orientation on the channel plate restricts rotation of directors near the plate through the long-range elasticity, and irregular rotation motions of directors were observed in the inhomogeneous full coupled simulation. Full coupled computations of the velocity field and the director motion predicted the emergence of textures during flows. In addition, the simulation results suggested that a director rotation and the molecular interaction due to the long-range elasticity are necessary for the emergence of textures.
INTRODUCTION
and the spinning flow 4) of LCPs using a modified Doi model. 5) The simulation of spinning flow predicted a concave profile of velocity in a filament, which was found in the experimental study 6) using aqueous solutions of hydroxypropylcellulose (HPC). flows in a rectangular contraction channel and a rectangular expansion channel using the modified Doi model. 5) They predicted highly three-dimensional structure near the expansion and discussed the relation between the orientation field and the velocity field. In this simulation, however, the emergence of textures was not predicted.
In several experimental studies, the emergence of wavy texture has been observed in LCP flows through a channel. [10] [11] [12] [13] [14] [15] [16] An example of wavy texture is shown in Fig. 1 , which indicates a texture observed in a startup flow of an aqueous solution of HPC through a slit cell. The texture was visualized with light through the cell between crossed polarizers. Mori et al. 15) investigated the emergence of wavy texture in a slit channel and revealed that the emergence of the wavy texture requires a relatively long induction time and the long-range elasticity is involved in the emergence of wavy texture. They also suggested that full simulations including the long range elasticity and flow modification should be performed for understanding their experimental results.
In numerical studies, some attempts have been done to investigate the effects of long-range elasticity. [17] [18] [19] [20] [21] [22] [23] [24] Constitutive equations including long-range elastic interactions in the nematic potential were successfully applied to describe defect textures. 17, 18) Tsuji and Rey 19) have numerically analyzed the shear flow of LC materials using a nonlinear and nonequilibrium theory including the short-and long-range order elasticity and viscous effects. They classified the orientation mode in shear flow and analyzed the selection mechanism of mode.
Kupferman et al. 20) have numerically simulated shear flows of LCPs using the Marrucci-Greco model. 17 In the present study, we numerically simulate flows of LCPs through a slit channel using the Marrucci-Greco model, which includes the effect of the long-range elasticity. We especially focus on the molecular orientation field and the emergence of textures. In the simulation, following a modeling method employed by Kupferman et al. 20) , we consider three kinds of model, i.e. homogeneous, inhomogeneous decoupled, and inhomogeneous full coupled models, to investigate effects of long-range elasticity on the molecular behavior.
NUMERICAL SCHEME

Basic Equations
In where Re is the Reynolds number defined by (1)
which represents the ratio of the inertial force to the viscous force. v is the velocity vector, t is time, and p is the pressure. The stress tensor is described as a function of the orientation order parameter tensor S, which is a second-order tensor defined by
Here ψ is an orientation distribution function, which is a function of a unit vector u parallel to a molecular orientation, the position vector R, and t. is the unit tensor. d is the number of space dimension, i.e. d = 2 for a two-dimension problem and d = 3 for a three-dimensional problem. The integral with respect to Ω means the integral over all u-space.
The molecular orientation is often expressed by a director n and a scalar order parameter S. The director is a unit vector whose direction coincides with the average molecular orientation. The degree of orientation is evaluated using the scalar order parameter S defined by which takes a value between zero and unity, and S = 0 means a random state and S = 1 indicates that all molecules are oriented in the direction of n.
We employed the Marrucci-Greco model 17) as a constitutive equation of LCPs. In this model, the evolution equation of S is described by the following equations:
In Eq. (10) with the quadratic closure approximation. 25) In addition, the stress tensor is described as a function of S by where ν s defined by means the ratio of the solvent viscosity η s to the characteristic polymer viscosity ck B T/(V/H).
Numerical Method
In the present study, we basically applied a numerical method used in the previous study.
9 ) The basic equations are discretized with a finite difference method and are numerically solved. In the present simulation, the flow field is assumed to be two-dimensional, while the orientation field is threedimensional. We considered both shear and Poiseuille flows between parallel plates.
We apply the MAC method to decouple pressure and velocity In addition, because S is a symmetric traceless tensor, the
+ S yy n+1 ) , i.e. tr S = 0, and that S ij = S ji are applied for the computation of S. Consequently, the independent components of S are S xx , S xy , S xz , S yy , S yz , and S zz .
Model Classification
We considered three types of computational models, which were employed in the numerical simulation of shear flows by , and G are considered and hence the effect of long-range elasticity is included. However, the computation of velocity field is decoupled with the orientation field. That is, the velocity field is fixed and only the evolution of S is computed. Finally, an inhomogeneous full coupled model is considered. In this model, the effect of long-range elasticity is included and the velocity field is computed coupling with the orientation field.
RESULTS AND DISCUSSION
Shear Flow
We consider two types of flow between parallel plates: The flow direction is x and the direction of velocity gradient is z. Furthermore, the motion of directors is represented in terms of the orientation angle of director θ defined in Fig. 3 .
Although three-dimensional orientation fields are computed,
we focus the motion of orientation angle in the x-z plane.
The fluid is at rest at the initial condition. Moreover, as for the boundary conditions, the non-slip condition is given on the walls, and the directors on the plates are set to be aligned in the flow direction with the scalar order at equilibrium. The flow is assumed to be fully developed in the x-direction.
In the present study, the homogeneous and the inhomogeneous decoupled models are considered; the inhomogeneous full coupled model is not simulated. The results of the full coupled model in shear flows are available in a literature 20) , where a rich set of dynamics is reported.
The value of λ is fixed to 0.8 for each simulation. with results of simulation by Kapferman et al. 20) that molecular orientation is governed by the homogeneous dynamics with a boundary layer connecting it to the anchoring at the walls.
In addition, in Fig. 5a , the initial phase difference decreases with time because molecules interact each other through the long-range elasticity and hence motion of one director affects other directors' motion. As a result, the motions of each director are synchronized and hence the phase difference decreases.
Poiseuille Flow between Parallel Plates
We next consider Poiseuille flows between parallel plates shown in Fig. 6 . In this problem, the representative length H as compared to that of U = 6 and no wagging motion is seen even near the plate as shown in Fig. 7b .
We performed simulations at three Deborah numbers to investigate the effect of long-range order on the molecular orientation. Fig. 8 shows the motion of directors in terms of θ for the inhomogeneous decoupled model at λ = 0.8, U = 10, , the change in velocity and orientation fields was not considered and hence the streamwise evolution in textures was not investigated. startup of flow, the directors change their direction largely near the entrance as shown in Fig.10b and the molecular distribution parallel to the plate appears all over the channel. This distribution is due to the difference in shear rate. After that, another type of disturbance occurs as shown in Fig.10c , and it spreads with time. The spread of distribution pattern is not only due to the advection but also due to the long-range order because the moving speed of texture is much faster than the mean velocity.
Computations at other Ericksen numbers are carried out to investigate the effects of Er on the emergence of textures. disturbance in the molecular orientation and contributes to the promotion of emergence of textures.
Furthermore, we investigated the effect of λ on the orientation field. Fig. 13 shows the effect of λ on the director motion. The computations were carried out under the same condition as the computation in Fig. 10 except for the value of λ. It is known that in simple shear flows directors rotate at longer period for larger λ and do not show the tumbling at λ = 1. 26) In other words, directors are more difficult to rotate at larger λ. Consequently, the interval of textures is shorter at λ = 0.8 (Fig. 13a) than λ =0.9 (Fig. 10g) . Furthermore, at λ = 0.95 (Fig. 13b) , directors do not rotate and no texture is observed in this case. These results suggest that it requires director rotation, molecular interactions due to the long-range order, and a certain degree of disturbance in the velocity field for the emergence of textures.
CONCLUSION
We numerically simulated the orientation behavior of LCPs in Poiseuille flows. In the simulations, the Marrucci-Greco model was employed as a constitutive equation to investigate the effect of the long-range order on the orientation field. The results of simulation for inhomogeneous decoupled model indicate that the director motion is highly affected by neighboring directors' motion through the long-range elasticity.
In the coupled simulation, textures emerged and their intervals depended on the Ericksen number. Furthermore, the coupled simulation predicted that the director rotation and the molecular interaction due to the long-range elasticity are necessary for the emergence of textures and that a small disturbance in velocity field is a possible accelerator of the texture emergence.
Although it is difficult to directly compare the results of the present simulation with experimental results such as shown in 
